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ABSTRACT
The main objective of this thesis is to document the design and development of a rapid
compression machine (RCM). A series of tests were performed to verify the operation of the
system using the compression of air. Finally, an experiment was conducted to validate the autoignition temperature of DME under HCCI mode. Based on the first version of the RCM,
improvements were made to speed up the compression process, and to create the conditions
required for the auto-ignition of a DME-air mixture. The inlet diameter of the pneumatic
actuation cylinder was increased to reduce the choking effect of the air flow from the
pressurized tank to the pneumatic cylinder, during the compression process. Thus, the
compression duration could be reduced. A hydraulic system was used to lock and trigger the
piston motion, and a data acquisition system was established to monitor the operation of the
system. The compression duration was shortened to under 50 ms, with a compression stroke
of 124 mm. The auto-ignition of a DME-air mixture was observed, with the auxiliary heating
of a fibreglass wrapping tape that increased the initial temperature of the compression cylinder
up to 373 K.
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CHAPTER 1 INTRODUCTION
1.1 Background
The global electric car sales in 2019 were approximately 2.2 million [1]; however, the
global passenger and commercial light-duty truck sales in 2019 were over 88 million [2]. ICEs
will continuously power most automotive vehicles, including hybrids, for the foreseeable
future [3]. For instance, according to the U.S. Energy Information Administration, 53% of
transportation energy consumption comes from gasoline [4], which is mostly used by spark
ignition (SI) engines. Biofuels offer a partial solution, offering lower greenhouse gases (GHGs)
over the whole fuel chain [5].
Engine research is usually undertaken on various research and production engine
platforms. Many other research platforms, such as shock tubes, constant volume chambers,
jet/flow reactors, and rapid compression machines, have also been widely used for combustion
mechanism and chemical kinetics studies since they offer well-controlled boundary conditions
independent of the otherwise complicated swirl bowl geometry, cycle-to-cycle variation,
residual gas, and other complications associated with actual engine operation [6]–[9].
Rapid Compression Machines (RCMs) are used to simulate a single compression stroke
of an engine. A fuel-oxidizer mixture introduced into the combustion chamber of an RCM is
rapidly compressed by a piston assembly in a process relatively close to adiabatic compression.
This rapid compression process results in elevated pressure and temperature conditions in the
combustion chamber, which can be used to investigate the auto-ignition characteristics (e.g.,
ignition delay time, heat release rate, etc.) of a given reactive mixture [10]. Modern
configurations of RCMs can potentially create, repeatable, well-specified, thermo-chemical
1

state conditions within the compression cylinder for durations ranging from 15 – 150 ms [10].
The typical piston-based RCMs have three major systems, including: a pneumatic cylinder, a
hydraulic cylinder, and a compression cylinder. The pneumatic cylinder holds the driving
piston that pushes the compression piston forward. The hydraulic chamber acts as a switch to
toggle piston motion and controls the stroke length, and the compression cylinder is used to
compress the reactive mixture.
1.1.1 Gravity Driven RCM by K.G. Falk - 1906
K.G. Falk’s design was the first RCM built in the early 1900s. This design was a
gravity-driven rapid compression machine used to study the auto-ignition temperature of
various types of combustible gases. A schematic of a rapid compression machine by K.G. Falk
can be seen in Figure 1-1.

Figure 1-1 Schematic for gravity driven RCM adapted from K.G. Falk (1906) [11]
In Figure 1-1, A, represents the cylinder body, B, is the piston head, C is the rod
connecting the piston to the upper plate, D, and L is the bottom plate. The B-C-D assembly
slides within the L-A cylinder. To compress the gas, a weight is dropped from a varying height
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on top of plate D. In the first iteration, the length of the cylinder, A, is given as 2082 mm with
an inner diameter (ID) of 25 mm. This iteration used a weight of 25 kg to drive the piston, with
a falling distance of 480-860 mm. The second iteration expanded the compression cylinder up
to 2306 mm in length, with an inner diameter of 44 mm. A weight of 38 kg was used to drive
the piston, with a falling distance to 900-1300 mm. The minimum clearance height was
approximately 10 mm and the maximum pressures in the chamber were approximately 100
bar.
1.1.2 Cam Driven RCM by Renault S.A.S.
Another type of RCM is driven by a cam, in which the horizontal motion of the guiding
cam is transformed to vertical motion of the compressing piston in a chamber with a square
cross-section of 50 mm by 50 mm. The compression ratio can be set from 10:1 to 20:1 with a
compression time of approximately 38 ms and a maximum compression pressure up to 160
bar. This cam driven design is shown in Figure 1-2.

Figure 1-2 Rapid compression machine - Cam design by Renault S.A.S [12]
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The main components are: the combustion chamber, piston, connecting rod, cam, cam
guide rails, cam brake system, hydraulic cylinder, and lever. This design is driven by a
hydraulic cylinder, which is used to push the cam forward using a lever. This, however,
requires a separate system to reset the piston position as well as a braking system for the cam
assembly. Another main issue is the machining requirements of components such as the lever
and cam; the leverage and profile of these component, respectively, are often used to modify
the piston speed and the compression ratio.
1.1.3 Opposed Piston Design by W.S. Affleck and A. Thomas
Opposed piston designs are much more complex requiring two pistons, each driven by
a pneumatic chamber, and controlled by a hydraulic chamber. Dual piston designs can decrease
the compression duration of the machine by reducing the stroke of each opposing piston.
However, it is more difficult to add an optical viewing window to the combustion chamber.
Another concern about this design is that both pistons must be released and must reach TDC,
simultaneously, which makes the design and control more strenuous. The opposed piston
design is shown in Figure 1-3.

Figure 1-3 Schematic for opposed piston design by W.S. Affleck and A. Thomas [13]
4

In Figure 1-3, the schematic shows only one side of the opposed piston design; the
centre line in this figure indicates the presence of a second pneumatic and hydraulic chamber,
on the left side of this line. In this design, the movement of the compression piston, which has
a diameter of 1.5 in (38.1 mm), was driven by a pneumatic cylinder with a diameter of 15 in
(381mm). This setup has a maximum compression ratio of 20:1 and compression time under
15 ms.
1.1.4 Inline Piston RCM
The following RCM design and working principle was originally developed by
Stanford University. This design allows for complete control of the moving piston assembly.
This type of RCM consists of three major components: a pneumatic system, which is
comprised of a pneumatic cylinder, air tank, and compressor; a hydraulic system, which is
made up of a hydraulic chamber, a hydraulic plug and sealing O-ring, and an oil pump; and a
compression chamber, which is designed to raise the pressure and temperature of the working
fluid, allowing the combustion of different fuels. The driver piston, hydraulic toggler plug, and
driven section piston, are connected to a common shaft of two concentric rods. This RCM is
driven by air pressure which is supplied from a high-pressure gas tank. The hydraulic plenum
hosts a toggling plug that connects to a shaft driven by the pneumatic system. A well
documented design by Tsinghua University was chosen to show a typical inline piston design;
This RCM is shown in Figure 1-4.

5

Figure 1-4 Schematic of an In-line Piston RCM: Stanford Design, example by
Tsinghua University [14]
The pneumatic chamber has an inner diameter of 160 mm, which supplies the driving
power to the system. The hydraulic plenum is a cylindrical chamber, which holds pressurized
oil, and has an inner diameter of 114 mm. Within the hydraulic plenum, a retaining plug and a
sealing O-ring are used to provide an opposing force to the driving force, which locks the
piston position before compression. Furthermore, when the pressurised oil is released, the
locking force along the shaft is toggled; thus, the driver piston can propel the driven piston to
move. Then, at the end of the compression process, the unpressurized hydraulic oil acts as a
damper to decelerate the pistons and minimize vibrations. The compression section has an
inner diameter of 50.8 mm, the stroke is constant at 500 mm, and the compression cylinder test
section at TDC can be varied from 13 to 80 mm in depth.
1.2 Research Objective and Scope
The scope of this study is to document and improve the experimental setup of the rapid
compression machine designed and fabricated in the Clean Combustion Engine Laboratory
(CCEL). The first version of the RCM was documented in Appendix B of Li Liang’s work
6

[15]. This study mainly focuses on the improvements that have been done on the three major
components of RCM system. The research objectives include:
A. To properly document the design and development of the rapid compression machine, and
to decrease the compression time elapsed compared with the previous status.
B. To establish a data acquisition system to measure the pressure and temperature data during
system operations.
C. To verify the operation of the rapid compression machine via the auto-ignition of a DMEair mixture.
1.3 Structure of Thesis
This thesis includes four chapters. The first chapter reviews the development of the
RCM research including a literature overview of previous designs, along with presenting the
research objectives. The second chapter focuses on the documentation of the rapid compression
machine system developed in the Clean Combustion Engine Laboratory. The third chapter
characterizes the working process of the current RCM by analyzing the in-cylinder pressure
curve and compression duration of air, in addition, to verify the auto-ignition of a DME-air
mixture. Lastly, the fourth chapter provides a summary of the work completed, including a
review of the research objectives, conclusions, and future work.
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CHAPTER 2 RCM SYSTEM
2.1 Introduction
Rapid compression machines are often made to investigate the auto-ignition behaviour
and reactivity characteristics of different fuels, and are able to access relevant combustion
conditions without the complications of flow and gas exchange [10]. These machines are
typically designed to minimize the compression time to reduce the overall heat transfer and
extent of reaction before the test conditions are reached. RCMs have been made since the start
of engine research; however, there are still many improvements that could be made to optimize
the use of these designs. The first version of RCM was built in the CCEL lab based on the
previously reported designs [11]–[14]. This chapter outlines the working principle of the major
components, including the pneumatic, hydraulic, and compression systems.
2.2 Overall Structure of RCM
The RCM developed in CCEL is mainly comprised of three parts: a pneumatic system,
a hydraulic system, and a compression system. The pneumatic system uses compressed air to
drive the pneumatic piston by the manual actuation of a ball valve connecting an air tank to a
pneumatic cylinder. The hydraulic chamber controls the locking pressure which can trigger the
motion of the piston; this pressure can be toggled by using a hydraulic plug. An O-ring seals
the plug face closest to the pneumatic (driving) side from the oil in the hydraulic plenum,
creating a force opposing the pneumatic piston motion when hydraulic chamber is pressurised,
effectively holding the piston from moving. The compression can then be triggered by
releasing the hydraulic cylinder pressure. Lastly, a compression chamber, equipped to record
dynamic in-cylinder pressure, is used to compress a combustible gas mixture. A photo of the
8

RCM setup is illustrated in Figure 2-1 and a schematic of the overall RCM system is shown in
Figure 2-2.

Figure 2-1 CCEL rapid compression machine setup
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Figure 2-2 RCM schematic A – modified backplate – 38.1 mm inlet
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2.2.1 Control Valves and Sensors
Table 2-1 and Table 2-2 show the valves and sensors used in the pneumatic and
hydraulic systems. All Swagelok ball valves were connected using 6.35 mm OD stainless steel
tubes with a wall thickness of 0.889 mm (0.035 in).
Table 2-1 Pneumatic cylinder valves and sensors
Pneumatic Cylinder
Components
(Refer to Figure 2-2)
V1

Description
(Valves, pressure transducers and
thermocouples)
2-way ¼ in Swagelok Valve 40G
Series, SS 316, 1.4 Cv

V2

2-way ¼ in Swagelok Valve 40G
Series, SS 316, 1.4 Cv

V3

2-way 1.5 in NPT, Ball Valve

V4

2-way ¼ in Swagelok Valve 40G
Series, SS 316, 1.4 Cv

P1

0-250 psi Dial Pressure Gauge

P2

Swagelok PTI Model S NG 500
Static Pressure Transducer – ¼ in
Swagelok fitting

11

Picture

Table 2-2 Hydraulic cylinder components (refer to Figure 2-2)
Hydraulic Cylinder
Components
V5

Description
(Valves, pressure transducers and
thermocouples)
3-way, ¼ in Swagelok Valve, SS 316,
0.9 Cv

V6

2-way, ¼ in Needle Valve, SS 316, 0.37
Cv

V7

2-way ¼ in Swagelok Valve 40G
Series, SS 316, 1.4 Cv

P3

Digital Pressure Gauge, 0-25MPa, ¼ in
NPT

Picture

2.2.2 Piston Assembly and Main Parameters
The RCM includes two pistons and a sealing plug assembled on a common shaft of two
concentric rods. The compression rod is aligned to the pneumatic rod through the hydraulic
sealing plug. The moving piston assembly is shown in Figure 2-3 and the main parameters of
the RCM are shown in Table 2-3.

Figure 2-3 Piston and rod assembly
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Table 2-3 Main parameters of RCM system
RCM Parameters

Value

Pneumatic Tank Inlet [𝑚𝑚]

4.57 – 38.1

Pneumatic Tank Outlet [𝑚𝑚]

4.57 – 19.05

Pneumatic Cylinder Bore [𝑚𝑚]

152.4

Pneumatic Cylinder Stroke [𝑚𝑚]

228.6

Hydraulic Cylinder Bore [𝑚𝑚]

127

Hydraulic Plug Diameter [𝑚𝑚]

100
7.3 – 8.55:1

Compression Ratio
Compression Cylinder Bore [𝑚𝑚]

50

Compression Piston Diameter [𝑚𝑚]

49.25

2.3 Pneumatic System
The pneumatic system uses a high-pressure tank to supply the compressed air to drive
the pneumatic piston. A 38.1 mm (1.5 in) manual ball valve, between the tank and the
pneumatic cylinder, is used to control the air supply to the pneumatic cylinder. The pneumatic
system assembly is shown in Figure 2-4.

Pneumatic Cylinder
Inlet from Tank
Figure 2-4 Pneumatic system assembly
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The bore of the pneumatic cylinder is 152.4 mm (6 in), and the maximum stroke of the
piston is 228.4 mm (9 in). The main parameters of the pneumatic system are shown in Table
2-4.
Table 2-4 Pneumatic cylinder parameters
Bore [𝑚𝑚]
Area [𝑚𝑚2 ]
Tank Port Diameter [𝑚𝑚]

152.4
18241.46
4.57, 19.05, 38.1

Inlet Area [𝑚𝑚2 ]
Pneumatic Cylinder Stroke [𝑚𝑚]

1140.1
228.4

RCM Stroke [𝑚𝑚]
Pneumatic Rod Diameter [𝑚𝑚]
Area [𝑚𝑚2 ]

124.0
33.7
889.6

2.3.1 Air Tank
The RCM is driven by pressurized air inside a 75.71 L (20 Gallon) tank with a
maximum allowable working pressure of 13.79 bar (200 psi) at 343 °C (650 °F). A compressor
is used to charge the air tank with a maximum pressure of 125 psi (8.62 bar). The test setup
procedure starts by using the compressor to fill up the tank, usually up to 6 bar (gauge). A
drawing of the tank is shown in Figure 2-5.

14

Units in inch

Figure 2-5 Manchester tank drawing
2.3.2 Pneumatic Cylinder
The pneumatic cylinder was installed on an aluminum table made from a 4-inch by 4inch extruded aluminum stock used for the legs and base, and a ½-inch aluminum sheet was
used for the top surface. The pneumatic cylinder was mounted to the table by four 20 mm
socket head cap screws. The positions of the mounting holes were determined according a 1:1
scale drawing.
The pneumatic cylinder includes an inlet connecting to the air tank, a pneumatic
cylinder body, and a piston-rod assembly. The pneumatic piston and connecting rod both
experience a static force of 10.9 kN, at a pressure of 6 bar (gauge), applied on the piston face.
The pneumatic cylinder drawing, provided by Peninsular Cylinder Co., is shown in Figure 2-6.
15

Figure 2-6 Pneumatic cylinder drawing - by peninsular cylinder co. [16]
2.3.3 Pneumatic Piston and Piston Rod
The driving force comes from the tank and acts on the pneumatic piston. The driving
force is transmitted to the compression piston rod upon the collapse of the hydraulic oil force
opposing the driving force, which results in the linear motion of the piston assembly. The main
dimensions for the pneumatic piston and piston rod assembly are shown in Figure 2-7. The
seals used in the pneumatic cylinder can be found in Table 2-5.

Units in mm

Figure 2-7 Simplified pneumatic piston and piston rod sketch
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Table 2-5 Pneumatic piston seals
Part Number

Function

W6-01500-0375-BC

Pneumatic rod seal

2.3.4 Pneumatic Cylinder Characteristics
The supply tank pressure of the CCEL RCM was set to 6 bar, to evaluate the achievable
piston velocity with the current system. The piston speed was initially calculated with the
driving pressure and mass of the moving piston assembly. The pneumatic cylinder
characteristics are shown in Table 2-6 and Table 2-7.
Table 2-6 Pneumatic piston characteristics (6 bar tank pressure)
Tank Pressure [𝑏𝑎𝑟]
Static Force [𝑘𝑁]
Dynamic Force (38.1 mm Inlet) [𝑘𝑁]
Compression Time [𝑚𝑠]
Flow Velocity (38.1 mm Inlet) [𝑚/𝑠]
CFM [𝑓𝑡 3 /𝑚𝑖𝑛]

6.0
10.9
0.7
68.5
52.0
70.0

Table 2-7 Pneumatic rod characteristics (6 bar tank pressure)
Pressure [𝑘𝑃𝑎]

12303.3
12.3

σ Stress [𝑀𝑃𝑎]
Tensile Strength - Mild Steel [𝑀𝑃𝑎]

370.0

FOS

30.1

The operation procedure of the pneumatic cylinder is as follows; first, the air tank is
charged to a specified pressure; then, the pneumatic piston is pushed back to the initial position
by pressurizing the compression chamber to 5 bar using a compressor; then, the hydraulic
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system is pressurized with oil to hold the pneumatic system in place; finally, the pressure is
released from the air tank by opening the 38.1 mm (1.5 in) ball valve. The system is now ready
to be actuated by releasing the pressure in the hydraulic chamber. A diagram of the test
procedure is shown below in Figure 2-8.

Figure 2-8 Test procedure diagram
2.4 Hydraulic System
The hydraulic system is used to control the release of the pneumatic piston, the stroke
of the piston, and the deceleration of the piston and rod assembly. The hydraulic system is
comprised of a hydraulic cylinder, a hydraulic sealing plug, and a hydraulic oil pump. The
pneumatic piston rod and the compression piston rod are connected by a thread. The hydraulic
sealing plug is also used to align the central axes of both rods, as shown in Figure 2-9.
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Figure 2-9 Hydraulic system
A hydraulic pump system is used to pressurize the hydraulic chamber using
conventional motor oil. The pump (specifications shown in 2.4.3) pushes oil through the highpressure output port, A (refer to Figure 2-9). From port A, the line splits into two parts: a bypass
loop and a line which connects to the hydraulic cylinder inlet. The bypass loop is setup to assist
in regulating the pressure in the hydraulic chamber. During the pressurization of the hydraulic
chamber, a needle valve (valve 2 in Figure 2-9) is used to control the maximum pressure inside
the chamber by redirecting the oil back to the oil reservoir. Once the chamber is pressurized, a
manual ball valve (valve 3 in Figure 2-9) can be used to actuate the compression process. Once
this valve is opened, the cylinder outlet port B will be open to the oil reservoir, which releases
the pressure inside the hydraulic cylinder, allowing the driving piston to move. During the
compression, near TDC, the hydraulic plug creates a pressurized volume of oil which is then

19

expelled through a series of eight, L-shaped, circular channels. The control of the flow rate
through these channels can then be used to reduce the piston velocity near TDC, acting as a
hydraulic cushion. The main components of the hydraulic chamber are shown in Figure 2-10.

Figure 2-10 Hydraulic chamber main components
A typical RCM hydraulic mechanism utilizes surface sealing via an O-ring on the
bottom surface of the piston (surface on the right side in Figure 2-10). The surface enclosed by
the sealing O-ring, is connected to the oil reservoir through port C, which stays at ambient
pressure. Then, when the chamber is pressurized, a greater force is established on the hydraulic
plug which opposes the driving force and holds the piston assembly in place.
2.4.1 Hydraulic Cylinder
The hydraulic cylinder is designed to hold high pressure oil inside a chamber, which
creates an opposing force to the driving air pressure. This cylinder has four main components:
a cylinder head, an adjusting cylinder head, a cylinder body, and a sealing plug. The assembly
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is shown in Figure 2-11, the parameters of the hydraulic parts are shown in Table 2-8 and Table
2-9, and the hydraulic cylinder body is shown in Figure 2-12.

Figure 2-11 Hydraulic cylinder

Table 2-8 Hydraulic cylinder properties
OD [𝑚𝑚]

127

Length [𝑚𝑚]

294.5

Stroke [𝑚𝑚]

124-226.8

Internal Volume [𝑙]
(Excluding piston, cylinder caps, and piston rod)
Operating Pressure [𝑏𝑎𝑟]

1.59
20-30

Table 2-9 Hydraulic piston and rod parameter
Sealing Plug Diameter [𝑚𝑚]

100.0

Plug O-ring Inner Diameter [𝑚𝑚]

72.8

Compression Rod Diameter [𝑚𝑚]
Effective Area [𝑚𝑚2 ]
(Used to estimate plugging/retaining force)

25.4
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3653.5

Units in mm

Figure 2-12 Hydraulic cylinder body
A hydraulic cylinder adjusting head was designed to change the stroke of the
compression process. The drawing of the hydraulic cylinder adjusting head, which sits adjacent
to the pneumatic cylinder, is shown in Figure 2-13.

Units in mm

Figure 2-13 Hydraulic cylinder adjusting head
A hydraulic cylinder head is placed adjacent to the compression cylinder. The hydraulic
plug body moves between the confinements of the hydraulic cylinder adjusting head and the
hydraulic cylinder head. The design of the hydraulic cylinder head is shown in Figure 2-14.
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Units in mm

Figure 2-14 Hydraulic cylinder head
2.4.2 Hydraulic Plug
The overall plug body design and dovetail groove specifications are shown in Figure
2-15 and Figure 2-16, respectively.

Units in mm

Figure 2-15 Hydraulic sealing plug
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d = 5.3

Figure 2-16 Parker O-ring dovetail groove design [17]
The hydraulic plug is used to control the release of the piston assembly. This is done
by pressurizing the hydraulic chamber, which creates an opposing force to the driving force
from the pneumatic cylinder. The plug O-ring is used to create a volume on the piston adjacent
to the driving side which is open to the oil reservoir; this creates a pressure difference on the
plug, meaning an opposing force to the driving force can be created when the plug O-ring seal
contacts the adjusting cylinder head in the initial position. Then, when this force is higher than
the driving force, the hydraulic piston can hold the piston assembly at the initial position. Once
the oil pressure inside the cylinder is released, the pneumatic driving force pushes the rod and
plug forward.
2.4.3 Hydraulic Oil and Pump
The oil chosen was SAE 5-W30, the oil properties are shown in Table 2-10.
Table 2-10 Hydraulic system synthetic oil properties.
Grade

SAE 5W-30
3

0.852

Kinematic Viscosity @ 40 °C, [𝑚𝑚2 /𝑠], ASTM D445

64

Kinematic Viscosity @ 100 °C, [𝑚𝑚2 /𝑠], ASTM D445

11.1

Density @ 15.6 °C, [𝑔/𝑐𝑚 , ASTM D4052
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The hydraulic pump was a double-acting hydraulic unit. A bypass loop was added to
control the pressure in the hydraulic cylinder accurately. The technical parameters of this pump
are shown in Table 2-11.
Table 2-11 Hydraulic pump technical parameters
Flow Rate, gpm (mL/s)

~0.83 (52.55)

Maximum Pressure, bar

220

RPM, rev/min

2850

Power, kW

1.6

Voltage

12V DC

2.4.4 Hydraulic Cylinder Characteristics
The hydraulic cylinder was designed to hold the piston when the driving air, from the
tank, pushes the pneumatic piston forward. The locking force required to hold the pistons in
place is calculated in Table 2-12.
Table 2-12 Hydraulic cylinder characteristic (6 bar Tank Pressure)
Tank Pressure [𝑏𝑎𝑟]

6.0

Force on Pneumatic Piston [𝑘𝑁]

10.9

Minimum Locking Pressure (on hydraulic plug) [𝑘𝑃𝑎] 2995.7
[𝑏𝑎𝑟]
30.0
σ Stress [𝑀𝑃𝑎]

3.00

Tensile Strength - Mild Steel [𝑀𝑃𝑎]

370.0

Piston FOS [−]

123.51

The hydraulic oil pressure was used to create a locking force which holds the pistons
and plug in place, and allows the control of the start of the piston motion. The hydraulic
chamber pressure required to hold he system in place was 30 bar when a 6 bar driving pressure
was applied.
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2.5 Compression Cylinder
The compression cylinder was used to compress a gas mixture rapidly under near
adiabatic conditions. The cylinder head was equipped with a pressure transducer to measure
in-cylinder pressure during the compression process. The main parameters of the system are
shown in Table 2-13.
Table 2-13 Compression cylinder parameters
Rod Diameter [𝑚𝑚]

25.40

Area [𝑚𝑚2 ]

506.71

Piston Diameter [𝑚𝑚]

49.25

Area [𝑚𝑚2 ]

1963.50

Compression Cylinder Diameter [𝑚𝑚]

50

2.5.1 Compression Cylinder Body
The compression cylinder body is meant for the compression piston to compress a gas
mixture. The inner diameter of the compression cylinder is 50 mm and has a clearance height
of 17 mm. However, in the following experiments, a 2.5 mm washer was added between the
compression piston and rod to decrease this clearance to 14.5 mm. The design of compression
cylinder is shown in Figure 2-17. The compression cylinder head is shown in Figure 2-18,
along with the location of the pressure transducer and thermocouple.
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Units in mm

Figure 2-17 Compression cylinder body
Inlet/ Outlet/ Vacuum and
Pressure Transducer Port

Units in mm

Thermocouple Port

Figure 2-18 Compression cylinder head
2.5.2 Compression Piston Rod
The compression rod is shown in Figure 2-19, where the right side M16 thread
connects, through the hydraulic plug, to the pneumatic piston rod and the left M16 female
thread is used to fasten the compression piston.
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Figure 2-19 Compression piston rod drawing
2.5.3 Compression Piston and Cylinder Head
The compression piston is made up of two components: the piston head, and the piston
body. The piston head is shown in Figure 2-20 and the piston body is shown in Figure 2-21.
Lastly, the piston sealing components are shown in Table 2-14.
.

Units in mm

Figure 2-20 Compression piston head
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Units in mm

Figure 2-21 Compression piston body

Table 2-14 Compression piston seals
Part Number

Function

WM-01125-0500-BC-SD

Compression piston wear ring

ZBR-1250-1000-250TC

Compression piston seal

2.5.4 Compression Cylinder Characteristics
The maximum compression ratio of the system was estimated by setting the
compression cylinder pressure equal to the driving pressure. The increase of the in-cylinder
pressure creates an opposing force to the driving pressure, which may slow the piston motion,
causing the piston to vibrate, or rebound at TDC. The equations used to estimate the driving
pressure and compression pressure are shown in 2-1 and 2-2, respectively.
𝐹 = 𝑃𝐴

2-1

𝑃2
𝑉1 𝛾
( )=( )
𝑃1
𝑉2

2-2
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The assumptions used in equation 2-2 are as follows: the process is isentropic, and the
ratio of specific heats is assumed to be constant and greater than 1. In Table 2-15, the maximum
force applied on the compression piston face can be calculated using the air tank pressure.
Table 2-15 Inlet pressure and final compression pressure
Inlet Pressure [𝑏𝑎𝑟]

6

Pneumatic Cylinder Bore [𝑚𝑚]

152.4

Compression Piston Diameter [𝑚𝑚]

49.25

Force on Pneumatic Piston [𝑘𝑁]

10.9

Maximum Compression Piston Pressure [𝑏𝑎𝑟] 55.74
The maximum pressure which could be applied by the compression piston was
calculated to be 55.74 bar, when a 6 bar (gauge) pressure is applied to the pneumatic piston.
The maximum compression ratio was then calculated by setting the maximum compression
piston pressure, equal to 𝑃2 in equation 2-2. The maximum compression ratio achievable
before the compression cylinder pressure exceeds the driving pressure is calculated in Table
2-16.
Table 2-16 Ideal gas law - Air compression
Initial Pressure [𝑏𝑎𝑟]

1

1

Compression Ratio [−]

8.5

17.67

Specific Heat Ratio, γ

1.4

1.4

20.00

55.74

Compression Cylinder Pressure [𝑏𝑎𝑟]

The maximum compression ratio was calculated to be 17.67 by using a compressed
pressure of 55.74 bar. Hence, for compression ratios up to 17.67, the current design will lock
up the piston at the end of compression. However, during combustion events, the pressure in
the system would be larger; thus, a higher driving pressure or larger pneumatic piston bore size
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would be required to account for the higher compression cylinder pressure and to prevent the
piston from moving after reaching TDC. The compression cylinder characteristics are shown
in Table 2-17 and Table 2-18.
Table 2-17 Compression rod characteristics (6 bar tank pressure)
Combustion Chamber Pressure [𝑘𝑃𝑎]

20007.21

Force [𝑘𝑁]

3928.41

σ Stress [𝑀𝑃𝑎]

7.75

Tensile Strength – Aluminum [𝑀𝑃𝑎]

276

FOS [−]

35.60

Table 2-18 Compression piston characteristics
Force [𝑘𝑁]

3928.41

σ Stress [𝑀𝑃𝑎]

2.00

Tensile Strength – Aluminum [𝑀𝑃𝑎]

276

FOS [−]

137.95

2.6 Compression Cylinder Data Acquisition
The data was initially recorded with an NI USB DAQ 6008 via a LabVIEW program.
These measurements were taken with a static pressure transducer Swagelok PTI model – S (05000psi) to record the pressure trace in the combustion chamber, with a sampling frequency
of 1kHz. Once a compression duration under 200 ms was achieved, a piezo-electric pressure
transducer was used to measure the dynamic pressure in the chamber. This data was recorded
with a 4425 series Picoscope with a maximum resolution of 12 bits at 400 M Sample/s. A
piezo-electric dynamic high-frequency pressure sensor (DPX-101) was chosen for its
capability of recording at a maximum frequency of 170 kHz. However, the data was recorded
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at a frequency of 50 k Samples/s. The specifications for this dynamic pressure transducer are
shown in Table 2-19.
Table 2-19 DPX – 101 pressure transducer specifications
Maximum Pressure Rating[bar]
Excitation Current [mA]

344
2 @ 18-30 Vdc

Output [Vdc] FS

5

High Frequency Range [kHz]

170

Amplitude Linearity [%] FS

±1

CHAPTER 3 CHARACTERIZATION OF RCM
In this chapter, experiments were conducted to compress air, under near adiabatic
conditions. A pressure transducer was then used to characterize the compression time as well
as the pressure profile of the RCM system under different initial conditions. The in-cylinder
pressure was measured with a Swagelok PTI model-S static pressure transducer and an Omega
DPX-101 dynamic pressure transducer. The compression ratio during these experiments was
kept constant at 8.55 (using a stroke of 124mm and a head clearance of 14.5 mm). Lastly, a
DME-air mixture was used to establish HCCI combustion using the present RCM.
3.1 Compression Cylinder Pressure
The first set of tests were completed to identify the peak in-cylinder pressure and
compression duration via in-cylinder pressure curves. The chamber temperature, at TDC, is
also estimated. Table 3-1 shows the initial test condition for test 1 and 2. Figure 3-1 shows the
comparison of the compression duration when the pneumatic inlet diameter was increased from
4.57 mm to 19.05 mm.
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Table 3-1 RCM test conditions - test 1 & 2
Test Number:
Pneumatic Inlet Diameter [𝑚𝑚]
Pneumatic Outlet Port [𝑚𝑚]
Initial Temperature [K]
Mixture
Compression Ratio
Inlet Air Tank Pressure [𝑏𝑎𝑟]
Pressure Transducer

1
4.57
4.57

2
19.05
4.57

298
Air
~8.55
6
Static – PTI Model S

Figure 3-1 Initial pressure curve – test 1 and 2
Figure 3-1 shows the pressure curve of the preliminary compression experiments
completed under an initial pneumatic cylinder driving pressure of 6 bar. The in-cylinder
pressures during compression, for tests 1 and 2, were recorded using a static pressure
transducer with a response time of ~1 ms. However, the subsequent tests required a faster
response to accurately capture the pressure curve. In Figure 3-1, the compression time for test
1 was 472 ms and for test 2, it was reduced to 164.7 ms.
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The initial test conditions for the third and fourth experiments are shown in Table 3-2.
These tests were also completed to further shorten the compression time by increasing the inlet
and outlet diameters of the pneumatic cylinder. The pipe leading the air flow from the air tank
into the pneumatic cylinder had the greatest impact on the compression duration and
consequently increased heat loss. The choking effect seen in this pipe can be reduced by
increasing the pipe and valve inner diameter. The in-cylinder pressure of the next two
experiments were collected using a dynamic pressure transducer with a recording frequency of
50 kHz. Table 3-2 shows a comparison of the compression time when the pneumatic inlet
diameter was increased from 19.05 mm to 38.1 mm. The pneumatic cylinder outlet diameter
was increased to 19.05 mm, from the previous tests, and kept constant for test 3 and 4. The
pressure curves for tests 3 and 4 are shown in Figure 3-2.
Table 3-2 RCM initial test conditions - test 3 & 4
Test Number:
Pneumatic Inlet Diameter [𝑚𝑚]
Pneumatic Outlet Port [𝑚𝑚]
Initial Temperature [K]
Mixture
Compression Ratio
Inlet Air Tank Pressure [𝑏𝑎𝑟]
Pressure Transducer
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3
19.05
19.05

4
38.1
19.05

298
Air
~8.55
6
Dynamic – DPX – 101

Figure 3-2 In-cylinder pressure curve – test 3 and 4
A concern shows up during the initial test where oscillations can be observed in the
chamber pressure after reaching TDC. These oscillations could be attributed to: vibrations of
the piston, since it is pressurized from both sides, as the pressure stabilizes; the oscillation
within the Swagelok pipe connection where the pressure transducer is attached; or further
caused by other not well-understood fluid dynamics withing the chamber. In Figure 3-2, the
piston compression time for test 3 was 94.66 ms and for test 4, it was reduced to 58.68 ms.
In Figure 3-3, multiple experiments were compiled to show the consistency of the
pressure measurements; these tests utilize the same initial conditions as test 4. A noticeable
issue encountered during the experiments was the grounding of the data acquisition system,
which affects the proper recording of the collected data. There are 6 pressure curves shown in
Figure 3-3; these curves have an average compression time of 47.55 ms and a standard
deviation of 0.9 ms.
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Max.
Time at max.
Pressure
pressure [ms]
[bar]
Average
St. Dev.

11.99
0.54

47.55
0.90

Figure 3-3 Compression pressure measurements – test 5
Finding the compressed temperature is crucial to know if a fuel will auto-ignite under
specific conditions. In Figure 3-3, the temperature in the chamber was calculated using the
pressure ratio [18].
Table 3-3 Compression temperature estimations
Pressure [bar] Temperature [K]
Initial Condition
Final Condition (TDC)

1
11.99

298
599.56

Pressure Ratio
1.3543
16.238

The average of the compression chamber pressure at TDC, in Figure 3-3, was 11.99
bar; this was then used to estimate the maximum compressed temperature, which was
calculated to be 599 K. However, the auto-ignition temperature of DME is 623.15 K [19];
therefore, an increase in initial temperature is needed to ignite the DME-air mixture.
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3.2 Compression of DME
The next section shows the capability of the first iteration of RCM to combust a DMEair mixture. The test conditions for test 6 are shown in Table 3-4 and the pressure curve is
shown in Figure 3-4 . In this experiment, the initial temperature was increased to 373 K to
allow for the auto-ignition of DME.
Table 3-4 RCM initial test conditions - test 6
Inlet Air Tank Pressure [𝑏𝑎𝑟]
Pneumatic Inlet Diameter [𝑚𝑚]
Pneumatic Outlet Port [𝑚𝑚]
Initial Temperature [K]
Mixture
Compression Ratio
Pressure Transducer

6
19.05
19.05
373
Air
~8.55
Dynamic – DPX – 101

Test Conditions
Inlet Driving Pressure [bar]
6
Exhaust Port [mm]
19.05
Inlet Diameter [mm]
19.05
Recording Frequency [kSamples/s]
50
Compression Time [ms]
~100
Calculated Temperature [K]
940.1
Final Compression Cylinder
~25
Pressure [bar]

Figure 3-4 Compression of DME – test 6
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Figure 3-4 shows the combustion of DME using a compression ratio of 8.55. The
maximum pressure recorded in the chamber was ~25 bar and the temperature was estimated to
be 940.1 K. This figure also depicts the pressure oscillations in the combustion chamber before
the piston reached TDC.
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CHAPTER 4 CONCLUSIONS AND FUTUTRE WORK
4.1 Conclusions
The main objectives of this thesis were: to decrease the compression time of the RCM,
to setup a data acquisition system to record the compression cylinder pressure, and to verify
the system via the auto-ignition of a DME-air mixture. The detailed conclusions are shown
below:
1.

The pneumatic inlet and outlet ports of the pneumatic drive cylinder were enlarged to
38.1mm and 19.05mm, respectively. When ambient air was used as the working fluid in
the compression cylinder, a compression duration of under 50 ms was achieved under a 6bar driving pressure, compared with 472 ms from the previous version. The increase of
the pneumatic inlet inner diameter is the main reason for the improvement.

2.

The rapid compression machine was instrumented with a dynamic pressure transducer,
capable of recording data with a frequency up to 170 kHz, to provide operation
information and estimate the compressed temperatures in the chamber.

3.

DME auto-ignition was realized under a compression ratio of 8.55, and the peak pressure
inside the compression cylinder reached above 25 bar. Although, the initial temperature
of the compression chamber was increased to 373 K to trigger the ignition process.

4.2 Recommendations for Future Work
The challenges and recommendations associated with this RCM include:
1. The most important parts of the design are the safety components. The current iteration of
the CCEL RCM is actuated by a manual valve to initiate the compression process. This
process needs to be automated to ensure safety redundancy and operation consistency. A
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solenoid valve could be used to control the hydraulic system remotely, and the signal to
trigger the valve opening event can be used as the trigger to synchronize the data
acquisition system.
2. The pneumatic system inlet diameter appears to be a limitation of this system. A larger
diameter inlet has the potential to further decrease the compression duration.
3. The hydraulic cylinder plug O-ring works as a seal to maintain pressure acting against the
pneumatic piston. This seal, however, cannot be retained reliably in the dovetail groove
when the piston is in motion. An improvement to this seal or a change of the groove design
is required to consistently lock the piston and control the start of compression.
4. The last recommendation is to continue the studies on HCCI combustion of different fuels,
and extend the ignition modes to spark ignition and spark-assisted compression ignition.
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